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Abstract: We have investigated the electronic structure of Rh4 and Rh3X (X= Sc and V) 

cluster and performed a comparative study on the adsorption of CO molecule on them by 

using density functional theory (DFT). The adsorption has been analyzed on two different 

sites of Rh4 and Rh3X clusters. The adsorption binding energy of CO on Rh3V and Rh3Sc 

clusters is found to be greater than on the Rh4 cluster. The Rh top of the Rh3-Sc cluster 

strongly binds CO molecule with a binding energy of 2.49 eV. The polarization of clusters 

has been analyzed before and after the adsorption of gas molecules by using Hirshfeld charge 

analysis. The HOMO and LUMO gaps have been calculated. The results show that Rh and 

Rh-based alloys are very useful in gas sensors applications and catalytic activities.    
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Introduction 

Rhodium plays an important role as three way catalyst
1
. Adsorption of CO molecule on small Rhx 

clusters was studied by depositing on thin alumina film by infrared reflection spectroscopy
2,3,4,5

. Theoretically, 

the adsorption of CO molecule on Rh cluster has been studied with different approaches and geometry 

optimized structure, electronic structureand vibrational frequencies of RhCO and Rh (CO)2.have also been 

reported
6,7,8,9,10

. The modification of the adsorption binding energies, preference of the site and the stability of 

CO+H2 were reported by using DFT calculation
11

. Rh is found to be effectively improve the selectivity/ 

adsorption and fabrication of C2 oxygen-containing compounds (such as CH3COOH, C2H5OH and CH3CHO)
12

. 

The aim of this paper is to understand the adsorption of CO molecule on tetrahedral (Rh4, Rh3V and Rh3Sc) 

structure. Further, we have computed an electronic structure, average binding energy, HOMO – LUMO energy 

gap of CO adsorbed tetrahedral clusters and on Sc/V doped Rh clusters. 

Computational details 

The geometry optimization and energy calculations were performed by the Density Functional Theory 

using the Dmol
3
 package. The Generalized Gradient Approximation with Perdew – Wang exchange correlation 

functional was used. Effective core potential with double numerical polarization basis sets was used for core 

treatment and maximum force and displacements were set to 0.002Ha/Å and 0.004 Å respectively. For accurate 

result, we use a SCF tolerance of 10
-6

 Ha and octupole multipolar expansion scheme was used in our 
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calculation.   The average binding energy of the optimized Rh4, Rh3V and Rh3Sc clusters were calculated by 

using the expression            

n
EnE

E ClusterAtom
b

)( 
                      (1) 

Where, n is the number of metal atoms, Eatom is the total energy of the Rh/V/Sc atoms and Ecluster total energy of 

the metal cluster.  The adsorption energy of the Rh4/Rh3V/Rh3Sc– CO clusters are calculated using the equation     

)( XculsterXclusterad EEEE 
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Ecluster+X are the total energy of the metal cluster with gas adsorption and EX is energy of gas molecule. 

Results and Discussion 

Rh4 and Rh3V and Rh3Sc Cluster Structures 

By using DFT, the structure of Rh4 and Rh3X (Sc and V)clusters were optimized.  There are a number of papers 

which reported on average binding energy, adsorption energy and HOMO–LUMO energy gap on Rh4 cluster. In 

ourpresent work, the average binding energy and HOMO – LUMO gap for tetrahedral structure were calculated 

by using DMol3 code and found to be 2.39 eV and 1.16 eV respectively. The geometry optimized structure and 

corresponding bond length distance are shown in the Figure 1(i). The Rh –Rh bond length distance is 2.49 Å in 

Rh4 tetrahedral structure.The geometrical isomer of Rh3V and Rh3Sc was observed by replacing one Rh atom of 

the Rh4 cluster with a V and Sc atoms as shown in Figure 1 (ii) and (iii). The average binding energy increases 

from 2.39 eV to a value of 2.48 eV when V is doped. A large change is observed from 2.39 to 2.97 when Sc is 

doped. The HOMO – LUMO energy gap for Rh3V is 0.50eV and it is 0.79eVfor Rh3Sc. The three Rh – Rh 

bond lengths are 2.69 Å, 2.68 Å and 2.66 Å for Rh3V and 2.58 Å, 2.53 Å and 2.59 Å for Rh3Sc cluster. The 

corresponding average binding energy and HOMO – LUMO energy gaps are provided in Table 1.      

Table I.  Calculated average binding energy (eV) and HOMO – LUMO energy gaps (eV) of Rh4, Rh3V 

and Rh3Sc tetrahedral clusters. 

Structure Average  binding 

energy   (eV) 

HOMO – LUMO 

energy gap   (eV) 

Rh4 – Tetrahedral 2.39 1.16 

Rh3V – Tetrahedral 2.48 0.50 

Rh3Sc – Tetrahedral 2.97 0.79 

 

 

Figure 1. Optimized structure of tetrahedral (i) Rh4, (ii) Rh3V and (iii) Rh3Sc clusters. Rh, V and Sc is 

shown in blue, yellow and Pink.    
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Adsorption of CO molecule on Rh4 Cluster 

For the adsorption of CO molecule on Rh4 cluster, three possible approaches - (i) CO – bonded on Rh 

top (ii) CO – bonded on Rh – Rh bridge and (iii) CO – bonded on Rh – Rh – Rh centre on both Head and side 

on orientation structure - were considered. The corresponding geometry optimized structures, the bond length of 

CO, the adsorption energy and HOMO – LUMO energy gap of Rh4 - CO cluster are given table II and III. The 

adsorption of CO molecule on Rh4 cluster (Rh – Rh bridge site in Head on approach) has more adsorption 

energy (2.23eV) than in Rh4 cluster. The corresponding geometry structures along with the bond length are 

shown in Figure 2  

 

Figure 2. The optimized structures of CO adsorption on Rh4 cluster at head and side on approach. 

Adsorption of CO molecule on Rh3V and Rh3Sc Clusters 

The adsorption of CO molecule on both head and side on orientation of Rh3V and Rh3Sc clusters is 

possible in five different configuration (i) CO – bonded on Rh top (ii) CO – bonded on V/Sc top (iii) CO – 

bonded on Rh – Rh bridge (iv) CO – bonded on Rh – V/Sc bridge (v) CO – bonded on Rh – V/Sc – Rh centre. 

The corresponding optimized structures, the bond length of CO elongation, the adsorption binding energy and 

HOMO – LUMO energy gap corresponding to Rh3V– CO and Rh3Sc– CO clusters are listed out in table II and 

III respectively. The adsorption of CO molecule (Rh top approach) on Rh3Sc cluster has more adsorption 

binding energy (2.49eV) compare to all other optimized structures. The corresponding geometry optimized 

structures along with the bond length are shown in Figure 3 (a) head and (b) side on orientation forRh3V - 

COand 4 (a) head and (b) side on orientation for Rh3Sc - CO. The spin resolved partial density of states of 

Rh3Sc and Rh3Sc - CO clusters, show that adsorption is due to the charge transfer from CO molecule to metal 

surface cluster (i.e. σ electron density) and τ back donation of electron which is known as the Blyholder 

mechanism. Changes in the partial density of states (PDOS) in d - orbitals are observed for both 

structures.States are induced from -2 to -6eV below the Fermi levelfor Rh3Sc – CO system. The corresponding 

partial density of states (PDOS)vs energy level graph areshown in Fig 5(a and b). 

Table II. Calculatedadsorption energy (eV) of CO molecule on Rh4, Rh3V and Rh3Sc cluster systems 

(head on orientation) 

Structure Initial approach Adsorption 

energy (eV) 

dC - O HOMO – LUMO 

energy gap (eV) 

Rh4 – CO Rh - top 2.17 1.17 0.77 

Rh4 – CO Rh – Rh  bridge 2.23 1.16 0.74 

Rh4 – CO Rh – Rh – Rh face 2.11 1.22 0.04 

Rh3V –CO Rh - top 2.42 1.17 0.93 
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Rh3V –CO V - top 1.28 1.16 0.24 

Rh3V –CO Rh – Rh  bridge 2.14 1.20 0.18 

Rh3V–CO Rh – V  bridge 1.88 1.20 0.61 

Rh3V –CO Rh – V – Rh face 1.86 1.22 0.63 

Rh3Sc –CO Rh - top 2.49 1.17 0.89 

Rh3Sc –CO Sc - top 0.58 1.15 0.58 

Rh3Sc –CO Rh – Rh  bridge 2.44 1.21 1.11 

Rh3Sc –CO Rh – Sc  bridge 1.75 1.20 0.86 

Rh3Sc –CO Rh – Sc – Rh face 2.36 1.21 0.83 

 

Table III. Adsorption energy (eV) and bond length (dC - O) of CO molecule on Rh4, Rh3V and Rh3Sc 

cluster systems (side on orientation). 

Structure Initial approach Adsorption 

energy (eV) 

dC - O HOMO – LUMO 

energy gap (eV) 

Rh4 – CO  Rh - top 2.17 1.17 0.80 

Rh4 – CO Rh – Rh  bridge 2.18 1.17 0.75 

Rh4 – CO Rh – Rh – Rh face 2.17 1.17 0.75 

Rh3V –CO Rh - top 2.37 1.17 0.55 

Rh3V –CO V - top 0.64 1.20 0.60 

Rh3V –CO Rh – Rh  bridge 2.35 1.17 0.56 

Rh3V–CO Rh – V  bridge 2.38 1.17 0.54 

Rh3V –CO Rh – V – Rh face 2.15 1.19 0.26 

Rh3Sc –CO Rh - top 2.43 1.17 0.87 

Rh3Sc –CO Sc - top 0.17 1.16 0.43 

Rh3Sc –CO Rh – Rh  bridge 2.42 1.21 0.99 

Rh3Sc –CO Rh – Sc  bridge 2.46 1.17 0.77 

Rh3Sc –CO Rh – Sc – Rh face 2.40 1.21 1.17 

 

 

Figure 3.  Optimized structures of CO adsorbed Rh3V clusters at both head and side on orientation. C 

and O are shown in grey and red colored balls. 
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Figure 4.  Optimized structures of CO adsorbed Rh3Vclusters at both (a) head and (b) side on 

orientation. 

 

Figure 5.  Partial density of states of (a) d – orbitals on Rh3Scwithout CO molecule (b) d – orbitals in 

Rh3Sc – CO system.   

Hirshfeld Charge:  

The Hirshfeld charge has been used to find the charge transfer from gas molecule to metal surface. The 

charges were analyzed in the optimized structures of Rh4, Rh3V and Rh3Sc clusters before and after the 
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adsorptions and the values are listed out in the Table IV. Initially, the charge of each Rh atom has zero in Rh4 

cluster. After the CO adsorption, transfer of charge occurs from Rh atom to C atom leading to the total positive 

charge on Rh atom in Rh4 – CO structure. In Rh3V/Sc cluster, due to the electronic charge flow from V/Sc to 

Rh, all the Rh atomsare negatively charged and the single V/Sc atom is positively charged. For CO adsorption, 

the C atom is directly attached to the Rh top site in Rh3Sc – CO has more positive charge than Rh3V – CO 

cluster as seen in the table IV. In both molecular adsorptions, the Sc atom has more positive charge compared to 

its original value. Therefore, after adsorption of gas molecule the cluster becomes polarized. The symbol ‘*’ in 

the table indicates that the CO molecule binds with that particular atom. 

Table III. Hirshfeld charges before and after the adsorption of CO molecule on clusters for 

highadsorption binding energy cases only. 

Hirshfeld charge  

CO  

   C1                0.0715       O2            - 0.0714  

Rh4 Rh4 - CO 

Rh1     

Rh2 

Rh3 

Rh4        

0 

0 

0 

0 

Rh1 

Rh2 

Rh3 

*Rh4 

*C1 

O2 

   -0.0573 

0.0550 

0.0724 

0.0501 

0.0182 

-0.1386 

Rh3V Rh3V - CO 

Rh1 

Rh2 

Rh3 

V4 

-0.0259 

-0.0239 

-0.0244 

0.0742 

Rh1 

Rh2 

*Rh3 

V4 

*C1 

O2 

0.0016 

-0.0099 

-0.0036 

0.1668 

-0.0028 

-0.1524 

Rh3Sc Rh3Sc - CO 

Rh1 

Rh2 

Rh3 

Sc4 

-0.0759 

-0.0847 

-0.0822 

0.2428 

Rh1 

Rh2 

*Rh3 

Sc4 

*C1 

O2 

-0.0213 

0.0002 

-0.1247 

0.3161 

-0.0081 

-0.1619 
 

Conclusion 

The geometry optimized structure, adsorption binding energy (Eb), and HOMO – LUMO energy gap 

(Eg) of CO molecules adsorbed Rh4, Rh3V and Rh3Sc clusterhave been studied by using density functional 

theory (DFT). The adsorption binding energy of CO molecule on (Rh top) Rh3Sc cluster was higher than in 

other clusters. The charge transfer is large in Rh3Sc (2.49 eV for CO molecule on Rh top) compared to Rh4 and 

Rh3V clusters. The electronic charge transferbetween the molecule and the metal cluster has been discussed by 

Hirshfeld charge. It is found that the cluster becomes more polarized after CO adsorption.We concludethatthe 

Rh and Rh-based alloys could be useful forcatalytic activity and gas sensor applications. 
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